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1-2-hydroxyglutaric aciduria: characterisation of the
molecular defect in a spontaneous canine model
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1-2-hydroxyglutaric aciduria (1-2-HGA) is a neurometabolic
disorder that produces a variety of clinical neurological deficits,
including psychomotor retardation, seizures and ataxia. The
biochemical hallmark of 1-2-HGA is the accumulation of 1-2-
hydroxyglutaric acid (1-2-HG) in cerebrospinal fluid, plasma
and urine. Mutations within the gene L2HGDH (Entrez Gene ID
79944) on chromosome 1422 encoding L-2-hydroxyglutaric
acid dehydrogenase have recently been shown to cause 1-2-
HGA in humans. Using a candidate gene approach in an
outbred pet dog population segregating L-2-HGA, the causal
molecular defect was identified in the canine homologue of
L2HGDH and characterised. DNA sequencing and pedigree
analysis indicate a common founder effect in the canine model.
The canine model shares many of the clinical and MRI features
of the disease in humans and represents a valuable resource as
a spontaneous model of L-2-HGA.

disorder that produces a variety of clinical neurological
deficits in humans, including psychomotor retardation in
the early years of life, progressive cerebellar dysfunction (ataxia
and intention tremor), learning disability and in some cases
seizures.' * 1-2-HGA was first recognised in 1980 and has the
biochemical hallmark of increased levels of r-2-hydroxyglutaric
acid (L-2-HG) in a variety of tissues and fluids, including
cerebrospinal fluid, plasma and urine.’ 1-2-hydroxyglutarate is
converted into 2-oxoglutarate (a widely distributed compound
formed through deamination of glutamate and formed within
the Krebs cycle) by r-2-hydroxglutarate dehydrogenase, a flavin
adenine dinucleotide-dependent dehydrogenase linked to
mitochondrial membranes.* ° The recognition of a spontaneous
canine model of 1-2-HGA sharing many clinical similarities
with humans who have 1-2-HGA offers a valuable opportunity
for better understanding of the pathophysiology and treatment
options of 1L-2-HGA in humans.®” In dogs, as in humans, 1-2-
HGA seems to be inherited as an autosomal recessive condition.
Three separate studies have recently identified mutations
responsible for the condition in humans within the gene
L2HGDH (Entrez Gene ID 79944; previously known as
chromosome 14 open reading frame 160 (Ci4orf160), duranin
and FLJI12618) on chromosome 14q22.1. Topgu et al® used
homozygosity mapping whereas Rzem et al* used a functional
candidate gene approach to demonstrate the genetic mutation
responsible for 1-2-HGA within L2ZHGDH.” L2HGDH has been
shown to encode L-2-HG dehydrogenase, with the demon-
strated mutations within L2HGDH in patients with 1-2-HGA
resulting in a complete loss of 1-2-HG dehydrogenase function
and defective 1-2-HG processing in an in vitro model.”’
To address whether the underlying biochemical defect in the
spontaneous canine model of L-2-HGA is the same as that in
man, we (1) used homozygosity mapping to determine whether
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the region of canine chromosome 8 (CFA08) that is syntenic
with human 14q22.1 (containing L2ZHGDH) was predominantly
homozygotic in dogs with 1-2-HGA and heterozygotic in
obligate carriers, and (2) sequenced and compared the coding
sequence of canine L2HGDH in affected, carrier and unaffected
dogs. Significantly, in this study, the use of outbred pet dogs
rather than a purpose-bred colony offered a direct welfare
benefit to the affected animal breed while providing the
potential to recruit a large population of affected animals of
relatively long life expectancy and large body size with which to
study an uncommon and poorly understood neurometabolic
disease in man.

METHODS

Animals

Twenty-one Staffordshire bull terriers with 1-2-HGA and 127
closely related normal control Staffordshire bull terriers were
enlisted from an outbred population of pet dogs. A presumptive
diagnosis of 1-2-HGA was made based on suggestive
clinical signs and/or characteristic MRI features. Urine
samples were collected from all dogs and stored at —20°C
until analysis. Positive cases were confirmed by demonstrating
L-2-HG accumulation in urine. Normal levels of 2-HG were
present in all control dogs. MRI studies of the brain
were available in 12 1-2-HGA-positive Staffordshire bull
terriers. MRI was performed under general anaesthesia using
a 15T superconducting magnet (1.5 T Signa Echospeed
system, General Electric Medical Systems, Waukesha,
Wisconsin, USA) and an extremity coil. The following pulse
sequences were used: Tl-weighted pre-contrast and post-
contrast, T2-weighted, T2*-weighted (“‘gradient echo”) and
fluid-attenuated inversion recovery (FLAIR). Images were
acquired in all three planes.

Urinary organic acid analysis

Accumulation of 2-HG in urine was detected by gas chromato-
graphy (GC) mass spectrometric analysis. Urinary organic acids
were extracted according to a modification of the protocol
described by Tanaka et al.'® An aliquot of urine relative to
creatinine was made up to 500 ul in non-ionised water, to
which 100 ul of internal standard was added (comprising
137.5 umol/l heptadecanoic acid, heptanoylglycine and a
deuterated analogue of methylmalonic acid). The resultant
mixture was acidified with 50 ul of concentrated HCI to
encourage the acidic species to favour the non-ionised form
and make them more soluble in organic solvents. Solid NaCl
(1 g) was added and the organic acids were sequentially
extracted with the organic solvents ethyl acetate and diethyl
ether, and the extracts combined. The organic acid-containing
phase was separated and the organic solvents removed under a

Abbreviations: GC, gas chromatography; 1-2-HG, 1-2-hydroxyglutaric
acid; 1-2-HGA, 1-2-hydroxyglutaric aciduria
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gentle stream of nitrogen at 60°C. The residue was reconstituted
and derivatised at 80°C for 30 min in 75 ul of BSTFA (N,O-
bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosi-
lane; Sigma-Aldrich, Gillingham, UK) and 20 ul pyridine
(Sigma-Aldrich). The derivatised organic acids were separated
by GC and identified by mass spectrometry using an Agilent
6890 series GC system with a 5973 network mass-selective
detector (Agilent Technologies UK Ltd, Stockport, Cheshire,
UK), operated in continuous scanning mode throughout the
temperature programme. Urinary organic acids were identified
based on the retention time, evaluation of their mass spectra
and comparison of these mass spectra with computer library
spectra. Differential diagnosis between 1-2-HGA and D-2-HGA
and quantification of 1-2-HG and D-2-HG were performed in all
dogs with evidence of 2-HG accumulation by stable-isotope-
dilution GC-mass spectrometry of O-acetyl-di-(p)-2-butyl
esters."

L2HGDH microsatellite homozygosity mapping

To determine whether a mutation in L2ZHGDH was responsible
for 1-2-HGA in the canines, we downloaded DNA sequences
corresponding to the canine homologue of L2HGDH (http:/
www.ensembl.org/Canis_familiaris/index.html) and approxi-
mately 500 000 nucleotides flanking either side of the
gene. Within this region, we identified four closely spaced
microsatellite markers and designed four sets of PCR
primers to amplify these microsatellites in four separate PCR
reactions, as follows: L2HGDH-1 (C TIT repeat), forward
primer: 5'-CCAgggCCTgATAgAATCAA-3', reverse primer:
5'-CCAgggCCTgATAgGAATCAA-3"; L2HGDH-2 (CT and AT
repeat), forward primer: 5'-TATgTgCAgCCTTggCATAg-3’, reverse
primer: 5'-TATgTgCAgCCTTggCATAg-3'; L2HGDH-3 (CTIT
repeat), forward primer: 5'-TgAgACTCCAgggATATZAACA-3’,
reverse primer: 5'-TgAgACTCCAgggATATZAACA-3';
and L2HGDH-4 (CTTT and CT repeat), forward
primer: 5'-CTgCCACAgTgCCTTCAAT-3', reverse primer:
5'-CTgCCACAGTgCCTTCAAT-3'. The microsatellites were
amplified using unlabelled forward and reverse primers, and a
third fluorescently labelled primer, complementary to an 18-
nucleotide extension (TGA CCG GCA GCA AAA TTG), was

335

added to the 5’-end of each forward primer. PCR products were
fractionated using ABI Prism 3100 genetic analysers (Applied
Biosystems, Foster City, California, USA) and the resulting data
analysed using GeneMapper software (Applied Biosystems).
The markers were genotyped in the 19 clinically affected
Staffordshire bull terriers, in 11 obligate carriers (assuming
inheritance in a simple recessive manner) and in 12 clinically
normal but closely related dogs. Clinical status was determined
by the presence or absence of 1L-2-HG accumulation in urine.
Obligate canine carriers demonstrated no 1-2-HG accumulation,
but were dogs that had produced affected offspring or were the
offspring of affected animals.

Sequencing of canine L2HGDH

The 10 exons of canine L2HGDH, using Ensembl-predicted
exon/intron positions (Canis familiaris Ensembl Gene ID
ENSCAFG00000014237) and including 120 base pairs of the
flanking 5’-intron and 3’-intron regions, were amplified by
PCR and sequenced in their entirety in one affected and
two known carrier dogs, using the following PCR primers:
exon 1, forward primer: 5’-TCGATTGGCCCTTGAGTG-3’,
reverse primer: 5'-CGGATCCTGACCTTCTCTCAC-3'; exon 2,
forward primer: 5'-CCAGCAATGCCGTAATTCTT-3', reverse
primer: 5'-GCTCCTGCCTCCTAAACAAC-3'; exon 3, forward

primer: 5'-CCAGTGCTCTGCCTGTAAGA-3', reverse primer:
5'-CATGGAGTTAGTCATACCACCTTTT-3'; exon 4, forward
primer: 5'-TGAGGTCATGAAGAAAGGAAGA-3', reverse

primer: 5'-TGAATGTGCCTTGTTGTTGTT-3'; exon 5, forward
primer: 5'-GGCACTGAATTTCTGCCTGA-3’, reverse primer:
5'-CCCATATTCATCCCTTCTGC-3"; exon 6, forward primer:
5'-AAAGAGCATTAGAATGAAAAGTAGGA-3’, reverse
primer: 5'-TTTGCTGGCACAATCACTTIC-3'; exon 7, forward
primer: 5’-CCTTGCATGCTGGAGAACTT-3', reverse primer:
5'-ACCCAAAAAGCACTTCAAAA-3'; exon 8, forward
primer: 5'-GTGTGGCACTTCTAGGCAGA-3’, reverse primer:
5'-TCCACAAAGCTCTTAATCTGGA-3’; exon 9, forward
primer: 5'-CCTCCTTATATTGACCAAAAGTTGA-3', reverse pri-
mer: 5-AACAGCCATGAGACAGCAAG-3’; and exon 10, for-
ward primer: 5'-TTTCCACATAATTGTGCATTTAGAA-3', reverse
primer: 5'-TTCACAAAGTAAAAGAGCATGGA-3'. PCR products
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were purified and bidirectionally sequenced using ABI Prism
3100 genetic analysers (Applied Biosystems). Exons 8 and 10,
including 120 base pairs of the flanking 5'-intron and 3’-intron
regions, were additionally sequenced in 21 affected dogs, 11
known carriers and 4 normal related dogs (homozygotic for the
wild-type haplotype on homozygosity mapping). Pedigree
analysis was performed using the software analysis program
Cyrillic V.2.1 (CyrillicSoftware, Wallingford, UK).

RESULTS

Affected dogs have dramatically increased levels of L-2-
HG in urine and demonstrate characteristic changes in
brain MRI

The biological hallmark of 1-2-HGA is the finding of increased
levels of L-2-HG in a variety of tissues and fluids, including
urine. Organic acid profiles by GC—mass spectrometry represent
one of the more sophisticated screening methods currently
available, as a large number of metabolic disorders may be
detected either directly or indirectly by this technique, includ-
ing 2-HG. GC-mass spectrometry demonstrated a dramatic
increase of 2-HG in the urine of all affected dogs, but in none of
the unaffected dogs. Stable-isotope-dilution GC-mass spectro-
metry confirmed the presence of r-2-HG (vs p-2-HG) in all
affected dogs (fig 1). Mean (SEM) L-2-HG concentrations in the
affected (n=8) and control (n=25) dog population were
determined as 2856 (262) and 3.12 (0.34) mmol/mol creatinine,
respectively. MRI features in 12 affected dogs demonstrated a
highly conserved pattern of bilaterally symmetrical regions of
hyperintensity on T2-weighted (fig 2) and FLAIR images
similar to that observed in humans.' **** Within the cerebral
cortex there was evidence of white-matter hyperintensity, with
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sparing of the central region of the internal capsule and the
corpus callosum, and a zone of marked hyperintensity at the
level of the grey-white matter interface. Consistent hyperin-
tensity was evident in the caudal (inferior) colliculi, dorsome-
dian tegmentum, cerebellar nuclei (including the dentate
nuclei) and thalamus. The basal nuclei, including the putamen
and globus pallidus, were variably affected. On T1-weighted
images, the parenchyma demonstrating hyperintensity on T2-
weighted images seemed mildly hypointense. No abnormal
contrast enhancement was evident.

Microsatellite homozygosity mapping indicates a
mutation within L2HGDH is responsible for 1-2-HGA in
the spontaneous canine model

Four microsatellite markers were genotyped in 42 Staffordshire
bull terriers (including 19 clinically affected dogs, 11 obligate
carriers and 12 clinically normal but closely related dogs). The
results demonstrated that clinically affected dogs were largely
homozygotic for microsatellites closely flanking the L2ZHGDH
gene, with a recognisable disease-associated haplotype, and
obligate carriers were heterozygous (fig 3). Within the
clinically normal but related group, the microsatellite data
indicated that eight of the dogs were heterozygotic, with one
disease-associated haplotype and one wild-type haplotype. The
remaining four clinically normal but related dogs were either
heterozygotic for different wild-type haplotypes or homozygotic
for identical wild-type haplotypes. These findings support the
hypothesis that 1-2-HGA is a recessive condition in the
Staffordshire bull terrier and that a mutation within the canine
homologue of L2HGDH is responsible for 1-2-HGA in affected
animals.

Figure 2 T2-weighted MRI of canine -2-
hydroxyglutaric aciduria (L-2-HGA).
Transverse images through the level of the
thalamus, midbrain and cerebellum (top and
middle panels) and para-sagittal images
(bottom panel) in an affected (-2-HGA) and
normal (control) Staffordshire bull terrier.
Extensive, bilaterally symmetrical increased
signal is present, particularly affecting the
cerebral cortex, cerebral white matter (white
arrowheads), thalamus (closed white arrow),
caudal colliculi (open white arrow),
dorsomedian tegmentum (open white
arrowhead) cmj;rhe cerebellar nuclei (black
arrow), including the dentate nucleus. The
central region o?'rhe internal capsule (small
black arrowhead) and the corpus callosum
retained the normal white-matter signal.
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Fi?ure 3 Genotyping data for microsatellites flanking canine L2HGDH in 19 clinically affected (A), 11 obligate carrier (C) and 12 clinically normal but
related (N) Staffordshire bull terriers. Clinical status was determined by the presence or absence of L-2-F3/dr0xyg|utc|ric acid (1-2-HG) accumulation in urine.

Clinically affected dogs demonstrated dramatic accumulation and clinically normal dogs demonstrate

no fo trace accumulation. Obligate carriers

demonstrated no 1-2-HG accumulation, but were dogs that had produced affected offspring or were the offspring of affected animals. The data demonstrate
that clinically affected dogs are homozygotic for the disease-associated haplotype and obligate carriers are heterozygotic, with one disease-associated
haplotype and one wi|d-Zpe h0p|otyEe. This is consistent with the hypothesis that a mutation in LZHGDH is the cause of 1-2-HGA in dogs. Clinically normal

but related Staffordshire bull terriers

ad either one or no disease-associated hap|otyﬁ>e. Clinically normal dogs N4 and N5 seemed to be homozygotic for
allele 466 of L2HGDH-2, which is discrepant with the genotypes of their parents at
allele 482 and for a null allele that fails to amplify, and that N4 and N5 are therefore heterozygotic for 466 and for the null a

is marker. It is therefore assumed that queni C2 is heterozygotic for
lele. The high mutation rate of

canine fetranucleotide microsatellite markers has resulted in an obligate mutation in L2HGDH-2, from sire and dam C8 and C4, to clinically affected

offspring A7 (red allele).

Sequencing of canine L2ZHGDH demonstrates a
substitution of two base pairs in exon 10 of the canine
L2HGDH gene in affected dogs, resulting in a significant
change in the encoded amino acid sequence
Comparison of the sequencing data from all 10 canine L2ZHGDH
exons (with flanking intron regions) from the affected dogs
and two carrier dogs with that of the published canine genome
(Canis familiaris Ensembl Gene ID ENSCAFG00000014237)
demonstrated the presence of two mutations within the genes:
(1) two single-nucleotide substitutions separated by a single
invariant T nucleotide in exon 10 (c[1297T—C; 1299¢—t];
p[Leu433Pro; His434Tyr]) and (2) a single nucleotide substitu-
tion in intron 8 9 (c[1064+8C—T]). All nucleotide numbering
is in accordance with the current full Ensembl gene build for
Canis familiaris (CanFam 1.0, http://www.ensembl.org/
Canis_familiaris/). Sequencing of both mutations in additional
dogs demonstrated that all 21 affected dogs were homozygotic
and all carrier dogs were heterozygotic for the exon 10 double
amino acid substitution. The mutation was present neither in
any of the normal related dogs (determined by homozygosity
mapping data to be homozygotic for the wild-type haplotype),
nor in a control population of unrelated clinically normal
Staffordshire bull terriers. The mutation causes the substitution
of two amino acids from leucine and histidine to proline and
tyrosine, respectively (fig 4). The presence of an identical

mutation in all affected dogs suggests a common founder effect
within the Staffordshire bull terrier breed. The mutation within
the 5'- flanking intron region of exon 8 did not modify an
encoded amino acid and was homozygotic in some of the
normal carriers, indicating that this is likely to be a
polymorphism with no pathological significance. Five genera-
tion pedigrees were available for 14 affected dogs and 34 carrier
dogs, and additional extension pedigrees were supplied by the
Kennel Club. Although these dogs originated from various
regions in the UK, all dogs could be traced back to a common
ancestry, supportive of a common founder effect (fig 5).

DISCUSSION

1-2-HGA is a rare neurometabolic disease in man, and despite
being recognised since 1980 only around 100 patients have been
reported in the literature worldwide.' * This limited number of
patients has considerably complicated the task of assessing
potential treatments and providing an explanation for the
clinical heterogeneity, despite a highly conserved biochemical
and MRI phenotype.”” " The MRI features of 1-2-HGA in
humans are suggestive of a white-matter spongiform encepha-
lopathy. This is supported by the neuropathological finding of
spongiform changes with cystic cavitation, which predominate
in the subcortical white matter but also include other regions of
the brain.” ** *' The exact cause of the pathology in 1-2-HGA is
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Figure 4 Raw sequence data and resultant
amino acid sequence from a normal control
Staffordshire bull terrier (A), a Staffordshire
bull ferrier known to carry L-2-hydroxy-
glutaric aciduria (1-2-HGA) (B) and a
Staffordshire bull terrier affected by 1-2-HGA
(C). A double amino acid substitution is
present in exon 10 (amino acids substitution
in red), resulting in a significant alteration in
the amino acid sequence.
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unknown, but may represent a toxic effect of the r-2-HG
accumulation. Some evidence suggests that this toxic effect
may be mediated through induction of oxidative stress or
mitochondrial dysfunction, as demonstrated by in vitro inhibi-
tion by 1-2-HG of complex V of the mitochondrial respiratory
chain and of the mitochondrial creatine kinase isoform in rat
cerebellum.”** The demonstration that L-2-HG significantly
increases intracellular calcium levels and induces cell death
through stimulation of N-methyl p-aspartate glutamate recep-
tors in chick embryo neuronal cultures has been used as

supportive evidence to propose L-2-HG as an endogenous
excitatory organic acid.” Despite demonstrating that both 1-2-
HG and p-2-HG affect mitochondrial respiratory parameters in
mitochondrial preparations of the rat brain, an inhibitory effect
on mitochondrial energy metabolism has only been shown for
p-2-HG.* Differences in endogenous enzymatic function may
provide an explanation for some of the variable effects in
experimental models, with D-2-HG dehydrogenase, but not 1-2-
HG dehydrogenase, requiring Zn®** or Co®>" as cofactors.
Management of other organic acidurias where the exact

m Affected Figure 5 Extended pediﬁree analysis from
m Carrier all normal, carrier and affected dogs for
= Normal which pedigree information was available.

All of the 14 affected and 34 carrier dogs for
which pedigree information was available
could be traced back to a common ancestry
(red letter A), supportive of a common
founder effect. The numbering on the
pedigree corresponds to the dog numbering
in fig 3 (A, clinically affected; C, obligate

@ Carrier not tested
o Status unknown

OCe 00 o

carrier; N, clinically normal but related).
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enzyme defect has been characterised is by dietary protein
restriction with appropriate amino acid, carnitine, mineral and
vitamin supplementation. Currently, no specific treatment is
available for 1-2-HGA in affected humans.

This study demonstrated that a spontaneous canine model of
L-2-HGA is caused by a mutation in canine L2ZHGDH and is thus
a true homologue of human 1-2-HGA, which offers an
invaluable opportunity to further the understanding of the
disease pathogenesis and treatment.* * > We exploited the newly
available canine whole-genome sequence to identify micro-
satellites closely flanking canine L2HGDH. Subsequent geno-
typing and sequence analysis of affected and carrier dogs
enabled the rapid confirmation that a mutation in canine
L2HGDH is associated with 1-2-HGA in this spontaneous canine
model. The markers chosen for microsatellite homozygosity
mapping were predominantly tetranucleotides that have a high
mutation frequency.”” This resulted in one demonstrated
obligate mutation in the microsatellite amplified by L2ZHGDH-2,
from sire and dam C8 and C4, to clinically affected offspring
A7. The sequencing data demonstrated that the mutation in
canine L2HGDH is a double amino acid substitution in exon
10, comprising two single-nucleotide substitutions separated
by a single invariant T nucleotide (c[1297T—C; 1299c—t];
plLeu433Pro; His434Tyr]). The presence of a double nucleo-
tide substitution raises the possibility that instead of
occurring  simultaneously, the nucleotide substitutions
occurred in two steps. If the mutation did occur in two
steps, it is likely that the first nucleotide substitution either
did not confer any disease symptoms or only caused mild
symptoms. In this situation, either the two mutations
together confer disease or the second mutation is sufficient
to confer disease on its own.

In all the dogs we tested, only the double amino acid
substitution was identified and no dogs were identified with
just one amino acid substitution, more evidence for the two
mutations to have occurred simultaneously. Although the effect
of the canine L2HGDH mutation was not determined through
functional studies or predictive modelling in this study, the
mutation was homozygotic in all affected animals and
heterozygotic in all obligate carriers. The mutation resulted in
the substitution of two amino acids in the protein sequence
with, significantly, the introduction of a proline.

Our study of this spontaneous canine model of L-2-HGA,
with its high degree of disease homology with human 1-2-HGA,
offers a particular ethical advantage over previous canine
genetic studies because it used an outbred population of pet
dogs instead of purpose-bred laboratory dogs.*® ** The fact that
all the outbred affected dogs in the study were homozygotic for
the identical mutation strengthens our conclusion that the
double amino acid substitution we identified is the cause of the
disease in these animals. This is as opposed to being an
innocent polymorphism in linkage disequilibrium with the true
disease locus, which could be a criticism if the study had relied
solely on results from an inbred colony of animals. The
domestic dog has more naturally arising inherited diseases
than any other species with the exception of man. Many canine
diseases are known to have human equivalents, making the dog
an excellent species with which to advance human medicine
through comparative genetics. Until recently, however, the dog
was man’s poor relation, in terms of knowledge about its
genome, but the recent availability of the canine genome
sequence has changed that.*® The development of a mouse
model to study 1-2-HGA would hold significant advantages
with regard to cost and speed of generation of an experimental
model. However, the relatively long life expectancy and larger
body size of the dog makes it a more appropriate comparative
model, with the ethical advantage that it occurs spontaneously
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® Mutations within the gene L2HGDH (Entrez Gene ID
79944) encoding L-2-hydroxyglutaric dehydrogenase
have been demonstrated to cause L-2-hydroxyglutaric
aciduria (1-2-HGA), producing a variety of clinical
neurological deficits in affected patients. The causal
molecular defect was identified and characterised in the
canine homologue of L2HGDH in an outbred pet dog
population segregating 1-2-HGA.

® Sequencing data demonstrated the mutation in canine
L2HGDH as a double amino acid substitution in exon 10,
comprising two single-nucleotide substitutions separated

a single invariant T nucleotide (c[1297T—C;
1299c—t]; plLeu433Pro; His434Tyr]).

® The canine model shares many of the clinical and MRI
features of the human disease. The relatively long life
expectancy and larger body size of the dog makes it an
appropriate comparative model, with the ethical advan-
tage that it occurs spontaneously within an outbred
population of pet dogs.

within the canine population. This study represents an example
of how spontaneous disease models in the domestic dog can be
successfully identified and used to study disease pathogenesis
and evaluate clinical treatments.
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